Introduction
============

Iron (Fe) is the fourth most abundant element in soil and is one of the most important microelements for living organisms. In soil with high pH, which accounts for approximately 30% of the cultivable land worldwide (Mori, [@b45]), the majority of Fe in the soil is in the form of insoluble compounds, making it unavailable for uptake by plants. Under Fe limitation, plants show decreased productivity that is often accompanied by chlorosis (Ma and Nomoto, [@b41]). Two strategies for improving Fe uptake under Fe-limited conditions have evolved in plants (Curie and Briat, [@b13]; Conte and Walker, [@b11]; Kobayashi and Nishizawa, [@b31]). Strategy I, which functions in most non-graminaceous plants, is dependent on the reduction of Fe(III) to Fe(II), followed by selective uptake of the reduced Fe(II) into the cytoplasm via the Fe transporter IRT1 (Chaney *et al*., [@b7]; Römheld and Marschner, [@b62]; Korshunova *et al*., [@b34]; Connolly *et al*., [@b10]; Vert *et al*., [@b77]). Strategy II functions only in graminaceous species and is characterized by a Fe(III)-chelating mechanism that involves phytosiderophores including 2′-deoxymugineic acid (DMA) and other structurally related mugineic acids (MAs) (Römheld and Marschner, [@b63]). The Fe--DMA complex is absorbed by, and transported through, specific YELLOW STRIPE 1-LIKE (YSL) transporters localized in the plasma membrane (Curie *et al*., [@b14], [@b15]; Curie and Briat, [@b13]; Conte and Walker, [@b11]; Kobayashi and Nishizawa, [@b31]).

The molecular basis for the biosynthesis and exudation of MAs has been well characterized. MAs are derived from *S*-adenosyl-[l]{.smallcaps}-methionine (SAM) (Mori and Nishizawa, [@b46]; Kawai *et al*., [@b29]; Shojima *et al*., [@b67]; Ma and Nomoto, [@b41]; Kobayashi *et al*., [@b32]). The biosynthesis of MAs is catalysed by nicotianamine synthase (NAS), nicotianamine aminotransferase, deoxymugineic acid synthase, and finally, the dioxygenases IDS2 (for iron deficiency-specific 2) and IDS3, which convert DMA to MA (Nakanishi *et al*., [@b49]; Okumura *et al*., [@b57]; Higuchi *et al*., [@b23]; Takahashi *et al*., [@b72]; Bashir *et al*., [@b4]). Recently, the DMA efflux transporter of mugineic acid family phytosiderophores (TOM1) has been identified in rice and barley and functionally characterized (Nozoye *et al*., [@b53]). Genetically engineered rice lines that overexpress genes related to MA biosynthesis have been shown to have increased tolerance to calcareous soil, highlighting the importance of MAs for absorbing Fe from such soils (Takahashi *et al*., [@b73]; Suzuki *et al*., [@b68]). Extensive studies on Fe uptake mechanisms that are dependent on phytosiderophores have been performed at the physiological and molecular levels. The uptake and accumulation of Fe are greater in plants grown in medium supplemented with MAs than in plants grown in medium that contains EDTA, as shown by the Fe content in xylem sap (Mino *et al*., [@b44]; Takagi *et al*., [@b71]; Römheld and Marschner, [@b63]; Ma *et al*., [@b42]; Kawai *et al*., [@b30]). These findings and results with transformants harboring MA biosynthesis-related genes (Kobayashi and Nishizawa, [@b31]) suggest that the increased availability of MAs, as a result of either genetic engineering or exogenous application, induces enhanced Fe uptake under high pH conditions in rice. However, the effects of DMA application on growth and various metabolic processes have not been reported. Therefore, it is still largely unknown whether the exogenous application of MAs would lead to the promotion or restoration of growth under high pH conditions through mechanisms other than the enhancement of Fe uptake. In part, this work could not be undertaken to date because phytosiderophores have not been available at scales large enough for conducting physiological experiments.

To gain further insight into how DMA affects the biology of plant growth at the physiological and molecular levels, we analysed the transcriptome, metal content, and nitrate reductase (NR) activity in rice (*Oryza sativa* L. cv. Nipponbare) seedlings treated with various concentrations of DMA that was chemically synthesised from *tert*-butoxycarbonyl-[l]{.smallcaps}-allylglycine using a one-pot protocol (Namba *et al*., [@b50]). Our results showed that the application of DMA leads to the recovery of rice growth by reinforcing the selective uptake of Fe, triggering prompt translocation of Fe throughout the plant body, and up-regulating NR activity under high pH conditions despite the preference for ammonium over nitrate in rice. DMA application experiments in our study revealed that DMA enhances the nitrate assimilation pathway, thus implicating a role for this compound in promoting plant growth.

Results
=======

DMA application improves rice growth under normal and high pH conditions
------------------------------------------------------------------------

To study the physiological effects of exogenous DMA on rice, synthetic DMA was supplied to hydroponic culture media with the sole source of Fe in the form of Fe-DMA complexes, and shoot height and chlorophyll content were evaluated in rice plants. The non-destructive soil-plant analysis development (SPAD) value was used to measure chlorophyll content. Under normal pH conditions (pH 5.8), the addition of 3 μ[m]{.smallcaps} DMA to the growth medium slightly increased shoot height by 18 ± 3% and SPAD value by 25 ± 3% compared with corresponding values in the no-DMA control (FeCl~3~ without chelator) (Figure [1](#fig01){ref-type="fig"}). The addition of DMA at concentrations higher than 30 μ[m]{.smallcaps} did not result in significant increases in shoot height or SPAD value above those induced by 3 μ[m]{.smallcaps} DMA. Conversely, under high pH conditions (pH 8.0), DMA affected plant growth more evidently. At pH 8.0, compared with no-DMA control, seedlings treated with 3 μ[m]{.smallcaps} DMA showed a 1.3-fold increase in shoot height and a 1.9-fold increase in SPAD value, while those treated with 30 μ[m]{.smallcaps} DMA showed a 1.8-fold increase in shoot height and a 4.4-fold increase in SPAD value. The seedlings treated with 30 μ[m]{.smallcaps} DMA showed almost complete recovery from the decreased shoot height and SPAD value caused by high pH (Figure [1](#fig01){ref-type="fig"}). The growth improvement of the rice seedlings in response to DMA treatment was similar to that observed for the addition of Fe-EDTA in the medium as the sole Fe source (EDTA treatment). At concentrations of 30 μ[m]{.smallcaps} or higher, EDTA significantly increased the shoot height and SPAD value of rice seedlings compared with controls (Figure S1). Taken together, these results show that supplementation with 3 μ[m]{.smallcaps} DMA at pH 5.8 or 30 μ[m]{.smallcaps} at pH 8.0 improves the growth of rice seedlings.

![Effects of DMA application and pH on rice seedling growth. Seedlings were germinated in deionized water for 1 week, and grown in nutrient solution containing 0, 0.3, 3, 30, or 150 μ[m]{.smallcaps} DMA at either pH 5.8 or 8.0 for 2 weeks. All treatments contained equal amounts of Fe.\
(a) Shoot height.\
(b) Soil-plant analysis development (SPAD) value.\
Asterisks indicate significant difference from control (0 μ[m]{.smallcaps} DMA) at pH 5.8 or 8.0 (\*\**P \<* 0.01; Student\'s *t*-test). Values shown are mean ± standard deviation (SD) (*n =* 5).](tpj0081-0233-f1){#fig01}

DMA application selectively restores Fe content in Fe-deficient rice seedlings
------------------------------------------------------------------------------

To analyse in detail the physiological changes in rice seedlings during the growth improvement induced by DMA, we measured the concentrations of various metals in shoot and root tissues of DMA-treated seedlings (Figures [2](#fig02){ref-type="fig"} and [3](#fig03){ref-type="fig"}). In shoot tissues, Fe was basically the only metal to show significant improvement in response to DMA treatment. Fe content increased in a manner dependent on the dose of DMA. The increase in Fe content became significantly higher than that of the respective control at a minimum of 3 μ[m]{.smallcaps} DMA at pH 5.8 and at 30 μ[m]{.smallcaps} DMA at pH 8.0 (Figure [2](#fig02){ref-type="fig"}). At pH 5.8, the Fe content in rice seedlings treated with 150 μ[m]{.smallcaps} DMA was 3.6-fold higher than in the control, indicating that rice tissues are able to accommodate higher levels of Fe with supplementation of DMA. However, increasing amounts of DMA resulted in decreases in the Zn, Cu, Mo, and Na content in shoots of rice seedlings. In particular, the Zn content was markedly decreased by DMA at concentrations higher than 30 μ[m]{.smallcaps} and the Cu content at concentrations higher than 3 μ[m]{.smallcaps}, although the seedlings showed slight increases in the levels of these metals in response to 0.3 μ[m]{.smallcaps} DMA. The Mg, Mn, and K content in rice tissues did not show any clear trend in response to increasing DMA concentration, suggesting that DMA is not directly related to the uptake and/or translocation of these metals in rice seedlings. The Fe content in seedlings grown at pH 8.0 was approximately half of that in seedlings grown at pH 5.8 after treatment at respective concentration of DMA. At both pH 8.0 and pH 5.8, the increase in Fe content in seedlings was proportional to the increase in DMA concentration. Seedlings treated with 150 μ[m]{.smallcaps} DMA showed 4.9-fold higher Fe content than seedlings in the no-DMA control. The levels of other metals in seedlings were generally consistent between pH 8.0 and pH 5.8. In root tissues, the Fe did not show a clear relationship with DMA treatment level at either pH 5.8 or pH 8.0 (Figure [3](#fig03){ref-type="fig"}). Similarly, the accumulation patterns of other metals (Zn, Mg, K, and Na) did not differ between pH 5.8 and pH 8.0 or different DMA concentrations. However, at pH 8.0, the levels of Cu and Mn markedly decreased as the DMA concentration increased, which is in sharp contrast to patterns observed for other metals. In contrast, Mo accumulation gradually increased in proportion to the amount of DMA added. The levels of Fe, Cu, and Na were approximately 10 times higher in roots than in shoots. The levels of Zn, Mg, and Mn were lower in roots than in shoots. These results reflect the selectivity and complexity of the uptake and transport rates of various metals from the root to the shoot. Together, these results show that exogenous DMA significantly affects the assimilation and translocation of various metals, especially Fe, in rice seedlings.

![Effect of DMA application on concentrations of various metals in rice shoot tissues. Metal content was analysed in rice seedlings grown under various concentrations of DMA at pH 5.8 or 8.0 for 2 weeks. Three seedlings were analysed for each treatment. All treatments contained equal amounts of Fe. Statistical analysis was conducted using Holm\'s pairwise *t*-test or Tukey\'s honest significant difference (HSD) depending on the *P*-value obtained in the Bartlett test in R program. ^a,b,c^Different letters in the same group of bars indicate significant difference (*P \<* 0.05). Values shown are mean ± standard deviation (SD) (*n =* 5).](tpj0081-0233-f2){#fig02}

![Concentrations of various metals in rice root tissues. Experiment was conducted as described in the legend to Figure [2](#fig02){ref-type="fig"}. ^a,b,c^Different letters in the same group of bars indicate significant difference (*P \<* 0.05). Values shown are mean ± standard deviation (SD) (*n =* 5).](tpj0081-0233-f3){#fig03}

DMA facilitates uptake and mobilization of Fe to the aerial part of rice seedlings
----------------------------------------------------------------------------------

Once assimilated from the rhizosphere, micronutrients must be transported from roots to the above-ground parts of the plant. To investigate the effects of exogenous DMA on Fe uptake and distribution from the root to the shoot, we analysed the transport rate of ^55^Fe added to the hydroponic solution (Figures [4](#fig04){ref-type="fig"} and S2). After 4 h of treatment, the amount of ^55^Fe transported to the aerial part of the seedlings was much higher in DMA-treated seedlings than in EDTA-treated or control seedlings under both pH conditions (Figure [4](#fig04){ref-type="fig"}a,b). In DMA-treated seedlings, radioactivity from ^55^Fe was detected in the entire leaf blade, including leaf tips. Quantification of the absorbed Fe by phosphorimaging confirmed that DMA-treated seedlings showed much higher rates of Fe uptake and translocation than EDTA-treated or control seedlings under both pH conditions (Figure [4](#fig04){ref-type="fig"}e,f). In clear contrast, EDTA-treated seedlings did not show any significant improvement in Fe absorption by shoot tissues compared with the control, regardless of the pH. This trend continued until 22 h after treatment (Figures [4](#fig04){ref-type="fig"} and S2).

![Uptake and distribution of ^55^Fe in rice seedlings.\
Two-week-rice seedlings were treated either with 5μM of ^55^Fe-DMA or ^55^Fe-EDTA for 4 h and were subjected to autoradiography. (a, b) Autoradiographs of rice seedlings treated with ^55^Fe-DMA or ^55^Fe-EDTA at pH 5.8 (a) and 8.0 (b).\
(c, d) Photographs of rice seedlings used for autoradiographic analysis shown in panels (a) and (b), respectively. Scale bars = 4 cm.\
(e, f) Quantification of ^55^Fe signal intensity in rice shoots using the BAS-5000 system at pH 5.8 (e) and pH 8.0 (f). Control, no chelator added. All treatments contained equal amounts of Fe. Values shown are means ± standard deviation (SD) (*n* = 5).](tpj0081-0233-f4){#fig04}

Microarray analysis reveals a link between DMA-mediated Fe uptake and nitrate assimilation
------------------------------------------------------------------------------------------

To evaluate and compare the effects of DMA and EDTA treatments on the transcriptome of rice seedlings under different pH conditions, we conducted a microarray analysis and dissected the gene regulatory network of rice seedlings (GSE56455; Tables S1--S10 and Appendix S1). There were considerable differences in the transcript levels of genes related to Fe homeostasis between DMA-treated and untreated seedlings (Figure S3). In shoot tissues, the transcript levels of *IRON-REGULATED TRANSCRIPTION FACTOR 2* (*IRO2*), *IRO3*, *NAS1*, *NAS2*, *TOM1*, *YSL15*, and *NATURAL-RESISTANCE-ASSOCIATED MACROPHAGE PROTEIN 1* (*Nramp1*) were considerably decreased by DMA or EDTA treatment. The fold decrease in the transcript levels of these genes by chelator treatments was larger at pH 5.8 than at pH 8.0. Likewise, the transcription of these genes in root tissues was down-regulated by chelator treatments, although the fold decreases were smaller than those observed in the shoot tissues. These genes are known to be induced under Fe deficiency; therefore, these data suggest that both DMA and EDTA treatments increase the *in vivo* availability of Fe in rice seedlings. Among the down-regulated genes, *IRO2* and *Nramp1* were more severely down-regulated by DMA than by EDTA. These results clearly demonstrate that DMA treatment has biological effects on Fe-depleted rice seedlings in a mode distinct from those of EDTA treatment. The transcription of *HIGH-AFFINITY NITRATE TRANSPORTER* genes (*NRT2.1* and *NRT2.2*), which are induced by nitrate and sucrose (Araki and Hasegawa, [@b2]; Cai *et al*., [@b5]; Feng *et al*., [@b16]), was increased approximately 80-fold and 100-fold under normal and high pH conditions, respectively, in response to chelator treatments, but only in root tissues (Tables S3(b) and S7(f) and Figures S4 and S5). This result highlights the clear contrast between shoots and roots in their transcriptional responses to DMA or EDTA treatment.

Expression profiles of Fe and nitrate assimilation genes in response to DMA and EDTA treatments under various pH conditions
---------------------------------------------------------------------------------------------------------------------------

To further characterize the physiological effects of DMA or EDTA treatments on rice seedlings, we further analysed the transcriptional patterns of genes involved in Fe homeostasis and nitrate assimilation by qRT-PCR. We analysed the transcript levels of selected genes induced by Fe deficiency (*IRT1*, *OsYSL15*, *NAS1*, and *NAS2*) and nitrate (*NRT2.1*, *NRT2.2*, *NRT2.3*, *NRT2.4*, *NAR2.1*, and the *NITRATE REDUCTASE* genes *NIA1* and *NIA2*) (Figures [5](#fig05){ref-type="fig"} and S6). These results were consistent with those obtained in the microarray analysis, in that treatment with DMA or EDTA considerably reduced the transcript levels of genes induced by Fe deficiency and nitrate in shoots in both normal and high pH conditions (Figures [5](#fig05){ref-type="fig"}a and S6). There were no apparent differences in the transcriptional patterns of Fe homeostasis-related genes between the DMA-treated and EDTA-treated seedlings. In root tissues, the transcript level of *YSL15* was two-fold higher at pH 8.0 than at pH 5.8 (Figure [5](#fig05){ref-type="fig"}b).

![Gene expression analysis of DMA-treated rice seedlings. Seedlings treated with 30 μ[m]{.smallcaps} DMA, 30 μ[m]{.smallcaps} EDTA, or no chelator (control), at pH 5.8 and 8.0, were analysed. Transcript levels of various genes in shoots and roots are shown in panel (a) (black bars) and (b) (white bars), respectively. Transcript levels of selected genes related to absorption/assimilation of nitrate and Fe were quantified by qRT-PCR. Primers used to amplify *NIA1* may also have amplified *NIA2* transcripts because of the high sequence similarity between these genes. Expression profiles of other genes are shown in Figure S6. Asterisks indicate significance difference from transcript level of each gene in control (0 μ[m]{.smallcaps} DMA) at each pH (\**P \<* 0.05; \*\**P \<* 0.01; Student\'s *t*-test). Values shown are mean ± standard deviation (SD) (*n =* 3).](tpj0081-0233-f5){#fig05}

In root tissues, the basal level of *YSL15* transcripts was seven-fold lower in seedlings treated with DMA and three-fold lower in seedlings treated with EDTA than that in the no-chelator control at pH 5.8. Conversely, at pH 8.0, the transcript level of *YSL15* in roots of DMA-treated seedlings was two-fold lower, and in EDTA-treated seedlings it was slightly higher than in roots of control seedlings. These results suggested that, at pH 5.8, the addition of DMA or EDTA in the presence of Fe in a soluble and readily available form results in excess Fe accumulation in plant tissues. The increased accumulation of Fe may have decreased transcription of *YSL15* in root tissues. At pH 8.0, however, only DMA, not EDTA, significantly decreased *YSL15* transcript levels. Similar transcriptional patterns were observed for *NAS1* and *NAS2* (Figures [5](#fig05){ref-type="fig"}b and S6). For genes related to nitrate assimilation, both DMA and EDTA drastically induced *NRT2.1* to comparable levels under both pH conditions. Similar transcriptional patterns were observed for *NAR2.1*, *NRT2.4* and *NIA1/2*. Conversely, the transcript level of *NRT2.2* was decreased by DMA and by EDTA, while the level of *NRT2.3* showed no clear trend.

DMA and EDTA application up-regulates nitrate reductase activity in shoots
--------------------------------------------------------------------------

To evaluate whether the increase in the transcription of *NIAs* by DMA or EDTA was linked to enhanced nitrate assimilation, we analysed the enzymatic activity of two classes of NRs: the NADH-dependent NR (NADH-NR) and the NADPH-dependent NR (NADPH-NR). The activities of these enzymes were determined in shoots of rice seedlings treated with various concentrations of DMA or EDTA at pH 5.8 and 8.0. As the transcript levels of *NIAs* increased, NADH-NR activity was significantly increased by 1.3- and 2-fold in DMA-treated seedlings at pH 5.8 and 8.0, respectively, compared with the respective controls (Figure [6](#fig06){ref-type="fig"}). Likewise, DMA treatment increased NADPH-NR activity by 1.3- and 1.1-fold at pH 5.8 and 8.0, respectively, compared with the respective controls. EDTA application, on the other hand, increased the activity of NADH-NR by 1.5- and 2.8-fold at pH 5.8 and 8.0, respectively, compared with the control, whereas NADPH-NR activity in shoots was increased by 2.4-fold at pH 8.0, while no significant change was observed in NADPH-NR activity in shoots at pH 5.8. In contrast, in root tissues, DMA treatment increased NADH-NR activity by at least 2.5-fold at pH 8.0 but had no significant effect on NADPH-NR activity at pH 5.8 (Figure S7). The activity of NADPH-NR increased approximately 7-fold in response to DMA or EDTA treatment at pH 5.8 but was not significantly affected by either treatment at pH 8.0.

![Enzyme activity of NADH- and NADPH-dependent nitrate reductases. Enzyme activities were determined in shoots of seedlings in different treatments. DMA or EDTA was added to medium to a final concentration of 30 μ[m]{.smallcaps}, no chelators were added to control. Assays were performed separately to measure NADH- and NADPH-dependent NR activities. Asterisks indicate significant difference to control (no DMA) under each pH (\**P \<* 0.05; \*\**P \<* 0.01; Student\'s *t*-test). Values shown are mean ± standard deviation (SD) (*n* = 3).](tpj0081-0233-f6){#fig06}

Discussion
==========

Exogenous DMA application promotes the growth of rice seedlings under normal and high pH conditions
---------------------------------------------------------------------------------------------------

High pH conditions in soil have a significantly negative effect on plant growth, which is triggered in part by changes in the concentrations of Fe and other micronutrients that are available to plants (Treeby *et al*., [@b75]). Here, we showed that exogenous application of a minimum of 30 μ[m]{.smallcaps} DMA confers tolerance to Fe deficiency at pH 8.0, as highlighted by the restoration of shoot height and SPAD value as well as the Fe content of DMA-treated rice seedlings compared with those of the no-DMA control at pH 5.8 (Figures [1](#fig01){ref-type="fig"}, [2](#fig02){ref-type="fig"} and [3](#fig03){ref-type="fig"}). Thus, exogenous application of DMA is sufficient to induce not only enhanced Fe uptake but also the recovery of growth of rice seedlings under high pH conditions. This finding corroborates those of previous studies in which transgenic rice plants that overexpress genes involved in MA biosynthesis showed enhanced viability in calcareous conditions (Takahashi *et al*., [@b73]; Suzuki *et al*., [@b68]). Furthermore, the concentration of DMA (30 μ[m]{.smallcaps}) used here is equivalent to the estimated concentration of DMA within 1 mm of the root surface (Shi *et al*., [@b66]; Kawai *et al*., [@b30]). Our data therefore clearly indicate that exogenous application of 30 μ[m]{.smallcaps} DMA, which is at a physiological level, is sufficient to promote the growth of rice seedlings under normal and high pH conditions.

The data also show that DMA application positively affects rice seedling growth not only at high pH (pH 8.0), but also at normal pH (pH 5.8). Application of 3 μ[m]{.smallcaps} DMA at pH 5.8 resulted in an 18 ± 3% increase in shoot height and a 25 ± 3% in SPAD value, although application of 30 and 150 μ[m]{.smallcaps} DMA did not further improve growth (Figure [1](#fig01){ref-type="fig"}). These results indicate that supplying at least 3 μ[m]{.smallcaps} DMA to the growth medium of hydroponic rice seedlings at pH 5.8 was sufficient to promote growth. Our data also suggest that assimilation of Fe is a rate-limiting factor in the growth of rice seedlings, even under normal pH conditions. Therefore, DMA not only specifically complements Fe deficiency, allowing rice seedlings to grow normally under Fe deficiency induced by high pH, but might also function as a rate-limiting factor for achieving maximum growth under normal pH conditions. Additionally, as exogenous application of DMA exhibited no apparent negative impact on the growth of rice seedlings (Figure [1](#fig01){ref-type="fig"}), the use of chemically synthesised DMA as a 'natural' chelator thus becomes quite feasible in promoting Fe uptake and growth in graminaceous plants under calcareous conditions.

Alternative approaches to conferring tolerance to alkali stress in plants by overexpression of MA biosynthetic genes have been reported (Takahashi *et al*., [@b73]; Suzuki *et al*., [@b68]). These results clearly indicate that the overexpression of MA biosynthetic genes contributes to tolerance to alkali stress. However, as these reports showed the effect of overexpression of transgenes only as growth promoted relative to non-transgenic lines grown under calcareous soil conditions and not to non-transgenic lines under normal conditions, it is unclear whether the 'recovered' growth of the transgenic plants is better than that of the respective wild-type plants under normal conditions. In contrast, we found that exogenous application of DMA fully restored the shoot height and SPAD values of rice seedlings under high pH conditions to those of rice seedlings under normal growth conditions (Figures [1](#fig01){ref-type="fig"} and [2](#fig02){ref-type="fig"}).

Conversely, SAM, which is a substrate for MA biosynthesis, is synthesised from methionine and ATP by SAM synthetase and is used for the synthesis of divergent metabolites (Roje, [@b61]). Therefore, adequate ectopic expression of one or more MA synthesis genes is important for the reduction of total energy consumption to maintain plant productivity. Recently, modulating polyamine metabolism by overexpression of SAM synthetase demonstrated alkali stress tolerance in tomato (Gong *et al*., [@b19]), suggesting that SAM-dependent metabolic pathways other than MA biosynthesis are partly involved in alkali stress tolerance. Alternatively, the repression of those SAM-dependent pathway genes may be triggered by the overexpression of MA synthesis-related genes. Therefore, our quantitative data provide the molecular basis for understanding the level of MA that is required for transgenic plants to become tolerant to alkali stress with the minimum energy consumption.

Fe-sensing mechanism distinguishes Fe-DMA and Fe-EDTA to maintain Fe homeostasis in rice seedlings
--------------------------------------------------------------------------------------------------

The application of either DMA or EDTA resulted in increased shoot height and SPAD value, higher NADH-NR and NADPH-NR activities, and increased expression of various other genes related to nitrate homeostasis in shoots compared with those of the no-chelator control at normal pH (pH 5.8) as well as high pH (pH 8.0) (Figures [1](#fig01){ref-type="fig"}, [5](#fig05){ref-type="fig"} and [6](#fig06){ref-type="fig"}). In contrast, the decrease in transcript levels of Fe-related genes including *YSL15* and *NAS1* were more significant in response to DMA treatment than to EDTA treatment at pH 8.0 (Figure [5](#fig05){ref-type="fig"}). These results suggest that rice seedlings distinguish differences between Fe-DMA and Fe-EDTA and therefore have a mechanism to sense the environmental Fe status and coordinate the expression of genes based on that status.

The Fe-sensing mechanisms of plants, however, have not been fully understood. Recently, the two proteins HRZ1 and HRZ2 have been shown to bind to Fe and negatively regulate Fe deficiency response genes in rice shoots (Kobayashi *et al*., [@b33]). However, it is still unknown which form of Fe is captured by HRZ1 and HRZ2. Conversely, plants might also monitor the concentration of Fe in phloem sap. Arabidopsis knockout mutant *opt3* constitutively exhibits systemic Fe deficiency and expresses *IRT1* and *FRO2* even under Fe sufficient conditions (Zhai *et al*., [@b87]). As OPT3 is localized to phloem cells, OPT3 might be responsible for monitoring the concentration of Fe in phloem *in planta*. In addition, YSL15 and 18 in rice play an important role in transporting DMA-Fe into the phloem (Aoyama *et al*., [@b1]; Inoue *et al*., [@b26]), suggesting that Fe chelated by DMA could be directly transported into phloem without ligand exchange. Besides, the uptake efficiency of MA-Fe was shown to be 100- to 1000-fold higher than that of EDTA-Fe (Römheld and Marschner, [@b63]; Ma *et al*., [@b42]). These reports imply that the application of DMA-Fe, compared with EDTA-Fe, contributes considerably to the increase in Fe that is transported to the phloem. Interestingly, the transcript levels of *IRO2*, which regulates *YSL15* and *NAS1* expression (Ogo *et al*., [@b55]) and thus is thought to be a regulator for the phytosiderophore-Fe uptake system in rice (Walker and Connolly, [@b78]), were more markedly decreased by DMA than by EDTA treatment (Figure S3). Moreover, when the same concentration of DMA or EDTA was applied, the level of SPAD values was higher in DMA-treated compared with EDTA-treated seedlings (Figures [1](#fig01){ref-type="fig"} and S1). These data strongly support the hypothesis that the differences in the responses to DMA-Fe and EDTA-Fe in the expression of *IRO2*, *YSL15* and *NAS1* essentially arise from the differences in the form of Fe-complex, and that there is a Fe-sensing mechanism during the processes from the uptake of Fe from the rhizosphere to the transport of Fe to the phloem.

Conversely, as both DMA and EDTA equally contributed to the increase in shoot height and NR activities (Figures [1](#fig01){ref-type="fig"} and [6](#fig06){ref-type="fig"}), the Fe-sensing mechanism linked to those two growth parameters is likely to sense both Fe-DMA and Fe-EDTA equivalently. Alternatively, neither Fe-DMA nor Fe-EDTA is likely to be the major form of Fe that is sensed for those phenotypes to be expressed by rice seedlings.

Various compounds such as citrate, nicotianamine, and DMA function as chelators that mobilize Fe within and outside tissues (Inoue *et al*., [@b25]; Ishimaru *et al*., [@b27]; Yokosho *et al*., [@b86]). Moreover, the Fe transport system involves multiple transporters specific to various Fe complexes that are localized in particular tissues and cells (Curie *et al*., [@b15]; Palmer and Guerinot, [@b60]). In our study, we observed a remarkable example of differences in gene expression profiles between DMA- and EDTA-treated rice seedlings in the expression of genes related to Fe homeostasis; DMA treatment significantly reduced the expression of *YSL15* and *NAS1* in roots compared with EDTA treatment both under normal pH (pH 5.8) and high pH (pH 8.0) (Figure [5](#fig05){ref-type="fig"}). As the chelator-mediated Fe transport system involves multiple exchanges of various ligands with the help of specific reductases and pH gradients, it is plausible that the differential expression of genes related to Fe homeostasis between DMA- and EDTA-treated rice seedlings reflects the differences in the forms of Fe that are recognised by the mechanisms that regulate Fe homeostasis.

Exogenous DMA enhances Fe mobility within rice seedlings
--------------------------------------------------------

While rice has Strategy II system for the assimilation of Fe(III), rice is also capable of utilising Fe(II) when fed as a sole Fe source (Ishimaru *et al*., [@b27]). However, in shoots of rice seedlings, radioactivity from ^55^Fe that was incorporated within 22 h was significantly higher in plants fed with Fe-DMA than in those fed with Fe-EDTA (Figures [4](#fig04){ref-type="fig"} and S1), although the shoot height and micronutrient contents were similar in the two treatments after 2 weeks of cultivation. Nevertheless, the role of ferric chelate reductase activity, a rate-limiting factor in Fe assimilation by Strategy I (Römheld and Marschner, [@b62]), might not be as significant as in paddy fields, where Fe exists essentially in the Fe(II) form as a result of the low redox potential. Most modern and ancestral *japonica* rice varieties have been adapted to growth in paddies, implying that stronger ferric chelate reductase activity has not been strictly required during *japonica* rice evolution, which might partly explain why ferric reductase activity is lower in rice than in other Strategy I plants grown under non-paddy conditions (Ishimaru *et al*., [@b27], [@b28]). In fact, transgenic rice plants overexpressing Arabidopsis or yeast ferric chelate reductase genes show greater Fe uptake and translocation rates to aerial plant parts than control plants (Vasconcelos *et al*., [@b76]; Ishimaru *et al*., [@b28]). Therefore, under our experimental conditions, the differences in the rates of ^55^Fe uptake and transport between Fe-DMA and Fe-EDTA might be primarily due to the formation of a Fe^3+^ complex with DMA that is readily assimilated via YSL transporters such as YSL15 and/or YSL18 but not via ferric chelate reductases (Aoyama *et al*., [@b1]; Inoue *et al*., [@b26]; Lee *et al*., [@b38]). In contrast, Fe-EDTA must be reduced first, possibly by FRO2, before being incorporated to cells via IRT proteins (Römheld and Marschner, [@b62]), resulting in lower rates of ^55^Fe transport to the aerial parts within 22 h (Figure [5](#fig05){ref-type="fig"}).

Integral link between Fe and nitrate assimilation processes
-----------------------------------------------------------

Transcriptome analysis showed that the positive effect of DMA application on rice seedling growth was associated with changes in the transcript levels of a variety of genes. As expected, genes involved in Fe assimilation were down-regulated by DMA treatment (Figures [5](#fig05){ref-type="fig"} and S3--S5), suggesting that DMA treatment triggered a decrease in the Fe assimilation rate to maintain Fe homeostasis. However, at the same time, DMA treatment increased the transcript levels of a range of nitrate assimilation-related genes such as *NRT2.1*, *NRT2.3*, *NRT2.4*, *NAR2.1*, and *NIA1/2*, both under normal and high pH conditions. A similar trend in gene expression was observed when seedlings were treated with EDTA; the expression of *NRT2* was up-regulated (Figures [5](#fig05){ref-type="fig"} and S6) and was associated with increased NR activity (Figure [6](#fig06){ref-type="fig"}).

Fe does not seem to have been discussed extensively as a potential inducer of the nitrate assimilation pathway. Most nitrate assimilation-related genes are induced by nitrate, which is known as the primary nitrate response (Krouk *et al*., [@b36]). It is known that the expression of *NRT2* family genes in rice and Arabidopsis is inducible by nitrate (Cheng *et al*., [@b8]; Forde, [@b17]; Orsel *et al*., [@b59]; Okamoto *et al*., [@b56]; Araki and Hasegawa, [@b2]; Miller *et al*., [@b43]; Cai *et al*., [@b5]; Feng *et al*., [@b16]) and sucrose (Lejay *et al*., [@b39]; Ono *et al*., [@b58]; Krouk *et al*., [@b36]; Feng *et al*., [@b16]; Yan *et al*., [@b85]). Furthermore, *NR* gene expression and NR activity are regulated by diurnal rhythm, as well as the expression of *OsNRT2s* (Scheible *et al*., [@b64], [@b65]; Lillo and Appenroth, [@b40]; Feng *et al*., [@b16]). In our study, the expression of nitrate-inducible genes and the activity of NR were significantly induced by the application of DMA and EDTA in the absence of nitrogen starvation, suggesting that these enhancements were not caused by the primary nitrate response. One possible explanation for the induction of the nitrate assimilation pathway is that a peak in *OsNRT2s* expression observed 4 h after the onset of the light period under nitrate-sufficient conditions (Feng *et al*., [@b16]) is induced by sucrose generated by photosynthesis. This peak coincides with the timing of secretion of phytosiderophores (Takagi *et al*., [@b71]; Römheld and Marschner, [@b63]; Nozoye *et al*., [@b52], [@b53]). The enhancement of the nitrate assimilation pathway under our experimental conditions coincided with the enhancement of the SPAD values (Figures [1](#fig01){ref-type="fig"}, [5](#fig05){ref-type="fig"} and [6](#fig06){ref-type="fig"}). These findings strongly suggest that the activity of the nitrate-assimilating machinery can be up-regulated as the concentration of available Fe increases, regardless of pH.

Changes in gene expression in Arabidopsis induced by nitrate affect not only N metabolism, but also C metabolism (Wang *et al*., [@b80], [@b81]). Nitrate induction has positive effects on plant growth because negative feedback on nitrogen assimilation depends on the C to N ratio (Nunes-Nesi *et al*., [@b54]; Xu *et al*., [@b83]). In our study, nitrate and ammonium assimilation in DMA-treated rice plants must have cooperated at appropriate rates for optimal growth. In fact, when an Fe chelator, either DMA or EDTA, was present in the medium, the rice seedlings showed healthier growth and higher SPAD values than the no-chelator control (Figure [1](#fig01){ref-type="fig"}), indicating that metabolic processes, including photosynthesis, were operating at sufficient levels to supply enough C metabolites. This is consistent with the pattern of *NRT2.1* expression described by Feng *et al*. ([@b16]); that is, *NRT2.1* transcription was repressed by ammonium but enhanced by sucrose. While increased NR activity should contribute to nitrate assimilation, it may also increase ammonium accumulation. Our microarray analysis, however, revealed that DMA treatment did not cause significant changes in the transcript levels of *glutamine synthase 1*;*1* (*GS1*;*1*), which encodes an enzyme that plays an important role in ammonium assimilation following nitrate uptake in rice (Kusano *et al*., [@b37]). Likewise, a gene encoding *NADH-GOGAT1*, which is induced by exogenous ammonium treatment (Yamaya *et al*., [@b84]; Hirose *et al*., [@b24]; Tamura *et al*., [@b74]), was only slightly induced by DMA and EDTA at pH 5.8 (Figure S3). These data collectively suggest that the uptake and assimilation of nitrate, but not ammonium, are positively affected by treatment with either DMA or EDTA, so that seedlings are capable of assimilating Fe and nitrate without a negative impact on growth. Interestingly, rice grows better when both nitrate and ammonium are supplied simultaneously (Ta and Ohira, [@b70]; Kronzucker *et al*., [@b35]), although it is adapted to paddies where ammonium is the major source of nitrogen. Therefore, nitrate, which is a potent signal for not only N but also C metabolism (Wang *et al*., [@b81]), might also play a role in the promotion of growth under high or normal pH conditions when seedlings are supplied with exogenous Fe chelators. Conversely, transcriptome analyses have revealed that *NAS* transcript levels are enhanced by nitrate, suggesting that nitrate induces Fe assimilation by activating the synthesis of nicotianamine, which is involved in Fe uptake and transport to maintain Fe homeostasis in plants (Wang *et al*., [@b79], [@b80]). Enhanced *NAS* transcription is most likely due to the fact that Fe is an essential cofactor for many enzymes related to nitrate assimilation, including NR (Campbell, [@b6]), nitrite reductase (Murphy *et al*., [@b48]; Swamy *et al*., [@b69]), and ferredoxin (Hall *et al*., [@b21]; Noodleman *et al*., [@b51]). It is noteworthy that nitric oxide (NO) has been implicated not only as a signalling molecule that mediates various biological processes, but a scavenger of deleterious reactive oxygen species (ROS) (Crawford, [@b12]; Wilson *et al*., [@b82]). Since Fe(II) has been shown as a source of ROS (Curie *et al*., [@b15]), and the reduction of nitrite by NR has been known as one of the major routes to generate NO (Crawford, [@b12]; Wilson *et al*., [@b82]), there is a possibility that NR plays an indispensable role in detoxifying ROS inevitably generated by Fe that is being transported to the plant tissues. The up-regulation of NR activity by treatment either with DMA or EDTA (Figure [6](#fig06){ref-type="fig"}), as well as previous reports that NO also acts as a potent inducer for Arabidopsis ferritin (Murgia *et al*., [@b47]; Giehl *et al*., [@b18]) might explain why NR activity needs to be activated upon Fe uptake, and corroborate the previous notion that there might be a functional link between NR activity and Fe uptake in plants and algae (Cohen *et al*., [@b9]).

In conclusion, through supplementation with different concentrations of chemically synthesised DMA, we observed a dose-dependent restoration of the growth in hydroponic rice seedlings at high pH based on shoot height and SPAD value after 2 weeks of cultivation. Further analysis revealed that the addition of DMA, but not EDTA, down-regulates the expression of Fe assimilation-related genes *YSL15* and *nicotianamine synthase*, which would otherwise be up-regulated under high pH conditions. Moreover, supplementation of rice seedlings with either DMA or EDTA up-regulated the expression of NR genes and nitrate transporter *NRT2.1* regardless of pH. These data demonstrate that DMA links the processes of Fe and nitrate uptake to cope with high pH conditions. In addition, our data indicate that Fe and nitrate assimilation processes require distinct forms of Fe as signals; DMA-Fe for Fe homeostasis and either DMA-Fe or EDTA-Fe for nitrate homeostasis. This suggests that DMA-Fe is not a form of Fe that is recognised by the machinery for nitrate assimilation. The observation that the addition of DMA up-regulates nitrate assimilation-related genes, even at normal pH, strongly suggests that Fe assimilation is a rate-limiting step for achieving the full potential of plant growth. The results, thus, provide strong evidence for the significance of DMA as a Fe chelator as well as an inducer of nitrate assimilation at high pH and further strengthen the feasibility of the practical use of DMA in agriculture.

Experimental procedures
=======================

Growth and experimental conditions
----------------------------------

Rice (*O. sativa* L. cv. Nipponbare) seeds were surface sterilised using 10% H~2~O~2~ solution, then immersed in distilled water overnight at 28°C. Imbibed seeds were placed in 96-well plates and cultivated under a 16-h light/8-h dark photoperiod. Rice seedlings were grown in distilled water for 1 week, then transferred to treatment solutions containing various concentrations of DMA (0, 0.3, 3, 30, or 150 μ[m]{.smallcaps}) at either pH 5.8 or pH 8.0 and grown for up to 2 weeks. EDTA instead of DMA was used as a reference chelator of Fe at the designated concentration in each experiment. Seedlings were analysed for growth, gene transcription, and NR activity. SPAD values were measured using a SPAD-502 chlorophyll meter (Konica Minolta, <http://www.konicaminolta.com>). DMA was synthesised as described previously (Namba *et al*., [@b50]). Standard growth medium was prepared as described previously (Yokosho *et al*., [@b86]), except with FeCl~3~ as the Fe source. Phosphate buffer prepared with 0.5 [m]{.smallcaps} K~2~HPO~4~ and 0.5 [m]{.smallcaps} K~2~HPO~4~ was used to adjust the pH to 5.8 or 8.0. All treatments contained equal amounts of Fe (30 μ[m]{.smallcaps}) and were conducted in the same growth chamber (Panasonic MLR-351H, <http://panasonic.net/business/>) under a 16-h light/8-h dark photoperiod at 28°C with a light intensity of 5700 lux. Nutrient media in all treatments was completely replaced every 2 or 3 days to maintain consistent experimental conditions. The purity of synthetic DMA was certified by 1H NMR spectrum in which any other peaks of by-products and impurities were not observed. In addition, the purity was further confirmed by HPLC analysis (210 nm) before use (Namba *et al*., [@b50]).

Measurement of metal concentrations
-----------------------------------

Seedlings cultivated for 2 weeks in the treatment medium after a 1-week pre-cultivation were harvested to measure metals accumulated in root and shoot tissues. Metals were removed from root surfaces by washing with 10 m[m]{.smallcaps} EDTA containing 5 m[m]{.smallcaps} CaSO~4~ for 5 min before sampling (Vert *et al*., [@b77]). To avoid contamination from the culture medium, leaf blades were wiped with wet paper before separating roots and shoots. Samples were dried at 90°C for a minimum of 2 days before weighing. Samples were digested in 2 ml of 11 [m]{.smallcaps} HNO~3~ at 110°C overnight, and further digested by the addition of a mixture of 1.8 ml of 11 [m]{.smallcaps} HNO~3~ and 200 μl of 90% HClO~4~ with heating at 110°C for 2 days, followed by the drying process at 120°C for overnight. The residue was dissolved in 3 ml of 1% HNO~3~ 900 μl of the sample was diluted 10 times by adding 8.1 ml of deionized water and filtrated with 0.45-μm filter before metal content was measured by inductively coupled plasma atomic emission spectrometry (ICPE-9000, Shimadzu; <http://www.shimadzu.com/an/index.html>).

Analysis of ^55^Fe distribution in rice seedlings
-------------------------------------------------

Seedlings were pre-cultivated in distilled water for 1 week, and then transferred to a medium containing 30 μM FeCl~3~ with no chelator, and further cultivated for 1 week. The seedlings were then treated with ^55^Fe-labelled Fe(III) either with DMA, EDTA, or no chelator for 4, and 22 h, and then washed twice for 5 sec each with 100 ml 10 m[m]{.smallcaps} EDTA. The ^55^Fe-labelled Fe(III)--DMA was prepared as previously described (Araki *et al*., [@b3]). We added 100 μl of 1 m[m]{.smallcaps} ^55^Fe-labelled Fe(III)--DMA to 19.9 ml growth medium without Fe. Similarly, ^55^Fe-labelled Fe(III)--EDTA solution was prepared as described for ^55^Fe-labelled Fe(III)--DMA except that 1 m[m]{.smallcaps} EDTA was used instead of DMA, and the chelating reaction was performed at 90°C for 2 h. All of the seedlings were treated with ^55^Fe-labelled Fe(III) with either DMA, EDTA or no chelator for 0, 4, and 22 h, and then washed twice for 5 sec with 100 ml of 10 m[m]{.smallcaps} EDTA. After removing the washing solution from the seedlings with filter paper (Whatman 3MM, <http://www.3m.com>), the seedlings were divided into shoots and roots with a razor blade. Radioisotope activity was measured using a FujiFilm Bio-imaging Analyzer System (BAS)-5000 (GE Healthcare Life Sciences, <http://www.gelifesciences.com>).

Quantitative RT-PCR
-------------------

RNA was extracted using RNeasy Plant Mini Kit (Qiagen, <http://www.qiagen.com>) and used for both microarray analysis and qRT-PCR. cDNA was synthesised using the PrimeScript RT reagent kit with gDNA Eraser (Perfect Real Time) (TaKaRa, <http://www.takara-bio.com>). cDNA samples were diluted 10-fold with EASY Dilution (for real-time PCR) (TaKaRa) before analysis using an ABI PRISM 7000 Sequence Detection System (Applied Biosystems, Life Technologies Corp., <http://www.lifetechnologies.com>). Gene-specific primers are shown in Table S9.

Measurement of nitrate reductase activity
-----------------------------------------

Roots and shoots of seedlings treated with 30 μ[m]{.smallcaps} DMA, 30 μ[m]{.smallcaps} EDTA, or no chelator for 1 week after a 1-week pre-cultivation were sampled separately. The samples were ground in liquid nitrogen before measuring NR activity as described previously (Hageman and Reed, [@b20]; Hasegawa, [@b22]).
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Iron distribution in rice seedlings treated with DMA or EDTA for 22 h.
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Venn diagrams illustrating unique and overlapping genes showing more than 10-times up- or down-regulated expression compared with that in the no-chelator control at pH 5.8.
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Venn diagrams illustrating unique and overlapping genes up- or down-regulated more than 10-fold by indicated treatments, compared with expression in the respective tissues of control (no chelator) at pH 5.8.
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Transcription analysis to validate microarray analysis of gene transcription in the roots and shoots.
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Effect of chelator treatments on enzyme activity of NADH- and NADPH-dependent nitrate reductases in roots of rice seedlings.
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Additional experimental procedure: microarray analysis.
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